Objective: To examine the effects of hypertonic/hyperoncotic treatment on physiologic variables and regional cerebral blood flow and to test its neuroprotective efficiency in a model of permanent venous ischemia.
S mall volume resuscitation is defined as rapid infusion of a small volume of hypertonic/ hyperoncotic fluid (2400 mOsm/kg) and was originally designed for prehospital treatment of hemorrhagic shock (1) (2) (3) (4) (5) (6) (7) (8) . The rapid infusion of a hypertonic/hyperoncotic solution at 2-6 mL/kg of body weight leads to an osmotic gradient, with water being drawn into the intravascular compartment and a rapid mobilization of parenchymal fluid (1, 3) , hemodilution, endothelial shrinkage, and improved microvascular flow (7, 9) . These effects in combination with an increase of cardiac output (2, 4, 5) and a decrease of the perivascular resistance contribute to the microcirculatory and metabolic improvement, mentioned as the most important mechanisms of small volume resuscitation after shock (6, 7, 10) . Beneficial effects on the microcirculation have been reported in kidney, heart, liver (4) , and small intestine (1, 11) .
Polytraumatized patients with head injury had an increased survival after hypertonic/hyperoncotic treatment (HHT) (12) . Experimental investigations confirmed that HHT reduces elevated intracranial pressure after head injury (6, 10, (13) (14) (15) (16) . This suggests that the injured brain that is susceptible to ischemia should profit from that regimen. It is surprising that there are only a few investigations of HHT in focal cerebral ischemia, although the hypoperfusion involved is similar in many aspects to that occurring in shock. Endothelial blebs, tissue compression by swollen glial cells, viscosity changes due to erythrocyte sludging, and venous congestion are seen in cerebral ischemia/reperfusion injury (17) . The literature provides limited and conflicting information about effects of HHT in ischemia. On the one hand, HHT significantly reduced noreflow areas in a model of global ischemia (i.e., after cardiopulmonary resuscitation) (18) . On the other hand, HHT followed by chronic hypernatremia exacerbated damage after transient focal ischemia from middle cerebral artery occlusion (19) .
We have now used a two-vein occlusion (2VO) model in which two adjacent cortical bridging veins are permanently occluded (20 -24) . This leads to a slowly developing infarct and to a distinct distribution of low-flow and no-flow areas with characteristics of a large penumbra-like territory (24) . Because of the slow changes within the microcirculation, this model is particularly suited to evaluate effects of HHT on regional cerebral blood flow (rCBF) using laser Doppler scanning.
The purpose of the current study was to test whether a single bolus of hypertonic/hyperoncotic fluid improves the microcirculation within the large penumbra-like territory seen after 2VO. We hypothesized that an effect on cerebral perfusion should result in a better neuropathological outcome. Two sets of experiments were performed: one to assess effects of HHT on regional blood flow and histologic outcome and another to evaluate acute effects on plasma sodium, osmolality, colloid oncotic pressure, and hematocrit with high time resolution.
MATERIALS AND METHODS

Surgical Preparation
All experiments were performed under the "Animal Welfare Guidelines" and were approved by the local ethics committee. Male Wistar rats, weighing 359 Ϯ 54 g (Charles River), were subjected to 2VO, as described in detail previously (20 -24) . Briefly, rats were anesthetized with chloral hydrate (36 mg/100 g of body weight, intraperitoneally; premedication with 0.5 mg of atropine, subcutaneously). Body temperature was maintained constant at 37.5°C by a feedback-controlled homeothermic blanket (Harvard, South Natick, MA). Tail artery and femoral vein were cannulated with polyethylene tubing for continuous monitoring of mean arterial blood pressure (MABP), withdrawal of arterial blood samples (PO 2 , PCO 2 , pH, electrolytes), and venous infusion of fluids and drugs. The volume of each blood gas analysis was 210 L (ABL615/EML105 for electrolytes, Radiometer, Copenhagen). The animals were placed into a stereotactic frame, and a craniectomy was made overlying the right parietal cortex (4 ϫ 5 mm window; 1 mm lateral and caudal of the bregma).
Two-Vein Occlusion
Rose Bengal (50 mg/kg of body weight) was slowly infused intravenously. Two adjacent cortical veins were occluded by selective illumination for 10 mins via a light guide (200 m fiber, 540 nm, 5000 -6000 lx). Fluorescence angiography was used to control for complete permanent occlusion at the end of each experiment. Animals with incomplete occlusion were excluded from the study.
CBF Measurement
Local cerebral blood flow (lCBF) was assessed by laser Doppler flowmetry (Vasamedics BPM 403a, St. Paul, MN; 0.8-mm needle probe). We measured lCBF using a computer-assisted micromanipulator in 36 different locations 500 m from each other within a rectangular cortical window centered around the two occluded veins. The probe always remained Ͻ100 m from the surface of the dura. We expressed lCBF in laser Doppler units (LDU). CBF data from individual sites represent local measurements. As previously shown (25) (26) (27) , the median of all lCBF acquired during a scanning procedure represents a reproducible measure of rCBF for individual animals. Many authors express local laser Doppler data as percentage of an initial baseline value. Considering the physiologic variability of lCBF values in rat, cerebral cortex flow values expressed in percentages can only be compared if locations with comparable baseline flow are selected. When using the scanning technique, on the other hand, it is merely necessary to include enough locations into the scan. Then, the median value of such a scan can be used as a reliable baseline value that will allow for comparisons not only with successive measurements from the same locations but also-more important-with data from other animals (26, 27) . In addition, laser Doppler scanning allows the production of flow histograms with observation frequencies. Values Ͻ10 LDU are defined as low-flow/no-flow areas.
Histology
Two days after the occlusion, the brains were perfused-fixed with 4% paraformaldehyde (24 hrs postfixation) and then embedded in paraffin. Coronal frontoparietal sections (3 m) were stained with hematoxylin and eosin, and the infarct area was measured on blinded brain slices by quantitative histomorphometry (24) . The maximal infarct area after 2VO perfectly correlates with the total infarct volume (r 2 ϭ .9918), which in contrast to the major coronary artery occlusion model has a lens-like symmetric shape and is restricted to the cortex. Therefore, several sections were cut at the center of the macroscopically visible infarct, and the slice with the maximal infarct area was used.
Experimental Studies and Groups Study 1. After a 30-min baseline period, two adjacent cortical veins were occluded photochemically. Treatment started 30 mins after occlusion, and drugs were infused intravenously (4 mL/kg of body weight) during 4 mins. Animals were randomly assigned to three groups: a) vehicle (0.9% saline, 308 mOsm/kg, 0 mm Hg colloid oncotic pressure; n ϭ 10); b) 10% hydroxyethyl starch 200000/0.5 (HES), 308 mOsm/kg, 68 mm Hg colloid oncotic pressure; n ϭ 8); or c) 7.5% NaCl in 10% hydroxyethyl starch 200000/0.5 (HHES), 2567 mOsm/kg, 68 mm Hg colloid oncotic pressure; n ϭ 9). The effects on MABP and CBF were observed every 15 mins during the baseline and the 120min postocclusion period. Blood gases, pH, electrolyte concentration, and hematocrit were analyzed at baseline and at the end of the experiment. The resected bone flap was repositioned and the skin wounds were closed. Animals were re-turned to individual cages with free access to food and water and were perfusion-fixed for histology after 2 days in deep anesthesia. Study 2. This experiment focused on acute plasma sodium concentrations after treatment with HHES. Hematocrit, blood gases, hemodynamics, and CBF also were evaluated. The experimental procedure was as in study 1 with two major modifications: First, no vein occlusion was induced, and, second, the frequency of blood samples was increased for higher temporal resolution. Data were collected three times during a 20-min baseline period, at the first and third minute of infusion, and 1, 5, 10, 20, 30, 40, 60, 75, and 90 mins after infusion. Animals were randomly assigned to groups receiving isotonic vehicle (n ϭ 3) or HHES (n ϭ 6). Because of the considerable volume that was needed to determine osmolality and colloid oncotic pressure, separate experiments were necessary. Thus, approximately 1 mL of blood was withdrawn at baseline and 0.5, 30, and 90 mins after infusion with vehicle (n ϭ 3), HES (n ϭ 4), or HHES (n ϭ 4) to measure osmolality (Osmomat 030, Gonotec, Germany) and oncotic pressure (Onkometer BMT923, Delta Pharma, Germany) in plasma and for analyses of blood gases and electrolytes (whole blood).
Data Analysis
Data were expressed as mean Ϯ SE and analyzed by repeated-measures analyses of variance followed by the Student-Newman-Keuls test for multiple comparisons between the three experimental groups. Nonparametric data were analyzed by analyses of variance on ranks for repeated measures according to Friedman and for differences between groups according to Kruskal-Wallis. Differences were considered statistically significant at an error probability Ͻ.05 (Sigmastat software, SPSS, Chicago, IL).
RESULTS
Study 1: Effects of HES/HHES After 2VO
Physiologic Variables. MABP was comparable in all groups and varied within physiologic ranges ( Fig. 1 ). MABP was moderately higher in the HHES group at baseline and at the end of the acute phase of the experiments. Neither body nor tympanic temperature changed after 2VO.
At baseline, arterial pH, PO 2 , PCO 2 , and hematocrit were similar in all experimental groups. Until the end of the experiments, pH and hematocrit became reduced in all three groups compared with baseline without differences between the individual groups (Table 1) .
Baseline arterial sodium concentration was comparable in all groups (Table  1 ). In the HHES group, with 141.9 Ϯ 2.2 mmol/L (p Ͻ .001), plasma sodium was still significantly elevated at 120 mins after 2VO (i.e., 90 mins after treatment) compared with baseline as well as with the vehicle and the HES group (Table 1) .
At baseline, hematocrit ranged from 43.2 Ϯ 4.0% to 44.6 Ϯ 1.7% without any differences between the groups. At the end of observation, hematocrit had significantly decreased in all three groups compared with baseline (p Ͻ .05 for vehicle and HES; p Ͻ .001 for HHES).
Regional Cerebral Blood Flow. Baseline CBF was comparable in all groups with no difference either in median flow (47 Ϯ 3 LDU) or in the distribution pattern of local cerebral blood flow in the area between the adjacent cortical veins assigned for later photothrombosis (data not shown). Immediately after 2VO, rCBF decreased by approximately 50% (Fig. 2) . During the next 30 mins, rCBF medians decreased further and were identical (22 Ϯ 2 LDU) in all groups before the beginning of therapy. After treatment, rCBF continued to decrease in the vehicle and HES group, whereas HHES infusion improved the cerebral perfusion significantly and with a continuing, significant effect during the next 90 mins (Fig. 2) . Although HHES could not restore rCBF completely, rCBF remained elevated until the end of observation compared with vehicle and HES (p Ͻ .05).
After 2VO, the observation frequency pattern revealed a dramatic increase of observations in low-flow classes, especially in classes with 0 -5 and 6 -10 LDU in all experimental groups (Fig. 3 ). Increasing numbers of no-flow/low-flow areas reflect an increasing perfusion deficit. During the postocclusion observation period, no-flow/low-flow areas increased after vehicle or HES treatment. In contrast, the number of low-flow areas was Ͻ10 LDU after HHES infusion and thereafter did not increase further ( Fig. 3) . At 120 mins after HHES, only 10.5 Ϯ 3.6% of all measurements were within the low-flow range, that is, significantly fewer observations than after HES (28.8 Ϯ 5.5%) or saline (37.6 Ϯ 6.5%).
Histology. 2VO induced a reproducible infarct in the expected area. The infarct was clearly demarcated (Fig. 4) , and the narrow border zone included swollen and some pyknotic cells. The infarction size was 4.8 Ϯ 0.6 mm 2 in the vehicle group, 3.2 Ϯ 0.5 mm 2 in the HES group, and 1.5 Ϯ 0.1 mm 2 after HHES. Relative to the ipsilateral hemisphere, the infarction area was 12.4 Ϯ 4.8% in the vehicle and 9.0 Ϯ 4.3% in the HES group and only 4.1 Ϯ 1.1% after HHES. Only HHES had a significant neuroprotective effect ( Fig. 5 ).
Study 2: Acute Effects of HHES Without 2VO
MABP was constant over the entire observation time in both groups. Neither treatment had a significant effect on heart rate, PCO 2 , PO 2 , or arterial potassium concentration.
The sodium concentration increased immediately after HHES infusion from 136.3 Ϯ 1.9 at baseline up to 146 Ϯ 1.8 mmol/L during infusion. This transient increase never exceeded a maximum of 153 mmol/L in individual animals and reverted to moderately elevated levels. Compared with the vehicle group, significantly higher concentrations persisted during the 90-min posttreatment period (Fig. 6A ). The hematocrit at baseline was identical in both groups. After isotonic saline, hematocrit was reduced compared with baseline (39.04 Ϯ 3.2% baseline; 35.07 Ϯ 1.1% at 90 mins after infusion, nonsignificant). HHES caused a significantly larger decrease of hematocrit throughout the entire experiment (p Ͻ .05 vs. baseline). Compared with vehicle, hematocrit decreased significantly only between the third minute of infusion and the first minute after the end of infusion (Fig. 6B ).
pH decreased significantly during the first minutes of HHES infusion. Thereafter, there was no difference in the further time course or compared with the control group.
Local cerebral blood flow measured continuously by stationary laser Doppler was constant in both groups at baseline (33.71 Ϯ 1.6 LDU in the control and 28.86 Ϯ 2.8 LDU in the HHES group). The infusions had no long-term influence on lCBF, which increased moderately immediately after infusion without reaching statistical significance and after 90 mins again was not different from baseline (control, 33.07 Ϯ 1.3 LDU; HHES, 31.10 Ϯ 2.4 LDU).
The physiologic data of animals used to measure osmolality/colloid oncotic pressure were comparable in level and in time course with study 2. Furthermore, there was no baseline difference between the groups in osmolality and colloid oncotic pressure ( Table 2 ). The osmolality significantly increased immediately after HHES infusion to 313.25 Ϯ 2.2 mOsm/L and remained elevated up to 90 mins after infusion. Likewise, the colloid oncotic pressure was significantly increased 0.5 mins after HES infusion compared with baseline, vehicle, or HHES from 14.90 Ϯ 0.7 mm Hg to 17.40 Ϯ 0.1 mm Hg and at 90 mins, respectively ( Table 2) . Together with osmolality, the plasma sodium concentration increased significantly, whereas hematocrit decreased. There were no changes in sodium concentration after HES infusion, but hematocrit remained significantly reduced for 90 mins. At that end point, hematocrit (40.0 Ϯ 0.9%) was significantly higher compared with vehicle or HHES (35.0 Ϯ 1.3% and 34.0 Ϯ 0.2%, respectively).
DISCUSSION
The data demonstrate two major findings: First, the 4-min infusion of hypertonic hyperoncotic saline (7.5% HHES) acutely improved rCBF if applied 30 mins after 2VO, and this short treatment was followed by a long-lasting rCBF recovery seen during the total observation period. Second, in contrast to vehicle or HES alone, HHT reduced infarct size in the 2VO model. The reduction of regional blood flow that goes along with brain damage indicates that the degree of flow reduction determines outcome from venous circulation disturbances in the brain.
Mechanisms of Action
One basic mechanism of HHT is the generation of an osmogradient by the fast infusion of a hypertonic bolus, which rapidly mobilizes endogenous fluid (1). Mazzoni and Borgström (9) demonstrated that the fluid is mobilized from blood cells, endothelial cells, and the surrounding parenchyma. Thereby, an immediate fluid shift into the microvasculature and hemodilution are initiated (6) . The decreased capillary hydraulic resistance contributes to the improved microcirculation and is, in fact, most pronounced in capillaries that had previously exhibited swollen endothelial cells (9, 28) . In the present study, an improvement of the microcirculation due to these mechanisms could be demonstrated as a better rCBF and a reduction of no-flow/low-flow areas after 2VO. Albumin therapy also had been shown to improve lCBF, lower the hematocrit (37%), raise plasma colloid oncotic pressure (56%), decrease the total infarct volume (66%), or improve the neurologic score throughout the 3-day survival period. The neuroprotection, however, is not attributed to hemodilution alone, and other mechanisms of albumin in ischemia (rheologic mechanism, inhibition of platelet aggregation, reduced water content, scavenger of oxygen free radicals) have been discussed (29, 30) . In addition, numerous experimental and clinical trials of hemodilution with dextran or other agents have been inconclusive. Our study cannot substantially evaluate the isolated effects of the hyperosmotic or hyperoncotic component, since the effect of hyperosmotic treatment alone was not investigated. However, HHES treatment in normovolemic subjects induced a rather moderate hemodilution (Ͻ10%, Fig. 6B ) or a discrete increase of colloid oncotic pressure (Ͻ17%, Table 2 ). In addition, since HES (alone) certainly increased the colloid oncotic pressure compared with vehicle or hypertonic HES (Table 2 ) but did not reduce the infarct volume as hypertonic HES did (study 1), our data suggest that the osmotic component plays the major role in the neuroprotection induced.
Adverse effects, such as the suspicion that the arterial oxygen capacity might be reduced by hemodilution, are pathophysiologically negligible for two reasons. On the one hand, treatment did not lower hematocrit dramatically. Even a more important, initial decrease of hematocrit by 10% after HHES did not impair the oxygen supply of brain tissue under initially normovolemic conditions (31) . On the other hand, a decreased hematocrit in normal and ischemic regions of the brain will be compensated by an increased microflow during isovolemic hemodilution (32) . Neither should hypernatremia or hyperosmolarity become a problem (7) . Toda et al. (33) suggested that the increased osmotic pressure stimulates Na ϩ -H ϩ exchange, resulting in Na ϩ accumulation that activates the Na ϩ pump and causes hyperpolarization, arterial relaxation, and, thereby, an even better perfusion. Indeed, HHT did not affect acute and outcome variables negatively, supporting the notion that short-lasting hyperosmolarity, hypernatremia, or a potentially reduced oxygen tension produce no adverse effects following 2VO.
This study did not consider changes related to immune functions. Thus, we cannot exclude that modulatory effects of hypertonic saline on early inflammation (34, 35) or on late immunosuppression also may play a role in the improvement of rCBF and infarct reduction (34, 36) .
HHT in Shock
There is a general consensus concerning the circulatory effectiveness and metabolic improvement of hypertonic/hyperoncotic solutions after shock (see review in Ref. 6 ). In shock, cardiac output and MABP are the first variables that profit from HHT/small-volume resuscitation, independently of whether hyperosmotic solution alone or in combination with hyperoncotic components is applied (4, 7) . These variables seem to play a minor role for therapy of focal ischemic diseases that do not affect systemic blood pressure, as evident from the absence of MABP changes in our setup. This is in good agreement with the observation that effects of HHT on cardiac output and MABP are far less pronounced in normovolemic subjects than in hypovolemia (1, 31) . This is not surprising: In shock, where cardiac output is critically reduced, any supply of fluid helps to normalize hemodynamics. In normovolemia, on the other hand, the additional fluid load will cause hypervolemia and systemic blood pressure, and cardiac output can be maintained normal by vasodilation and, hence, a reduction of peripheral resistance. Therefore, neither arterial hypertension nor myocardial insufficiency develops (1, 6) .
HHT in Cerebral Ischemia
Although beneficial effects have been reported, there are controversial results in global ischemia (8, 18, 37) , traumatic brain injury, and intracerebral hemorrhage (10, 14, 32, 38) , and no treatment regimen for patients has been established yet. This might be due to differences in study design, goals, and pathologies. There is only little information concerning HHT in cerebral ischemia, although beneficial effects on the microcirculation and on intracranial pressure preventing secondary ischemia after brain injury suggest a general improvement and a better functional outcome. In a model of global cerebral ischemia, cerebral perfusion and somatosensory evoked potentials were improved by HHT (37, 39) . Figure 6 . Acute changes of arterial plasma sodium concentration and hematocrit in study 2 (7.5% saline plus 10% hydroxyethyl starch 200000, HHES, circles, n ϭ 6; vehicle, squares, n ϭ 3). There was a rapidly occurring peak due to the infusion with HHES. Sodium concentration remained increased during the observation period (A). In addition, HHES caused a fluid shift from the extracellular space into plasma, leading to a sharp initial decrease in hematocrit (B; p Ͻ .05). Fischer and Hossmann (18) confirmed that microvascular reperfusion after 15 mins of ventricular fibrillation and reanimation was significantly improved by HHES as assessed by microvascular dye filling. HHES reduced cerebral no-reflow 30 mins after resuscitation, and the tissue showed a nearly homogeneous capillary filling after treatment with 2 mL/ kg/10 mins 7.5% NaCl plus 6% HES. There were no differences in MABP compared with untreated cats. These findings are in excellent agreement with the current hemodynamic, microcirculatory and histologic results in focal ischemia after 2VO. So far there is only one publication concerning HHT in focal ischemia. That study was performed to test the hypothesis that inducing hypernatremia during reperfusion decreases infarct size after temporary (2 hrs) middle cerebral artery occlusion in rats (19) . The results revealed an increase of infarct volume. It has to be stressed, however, that to induce hypernatremia during reperfusion, the treatment protocol had to be adjusted: After an initial bolus of 10 mL of HHES/kg, which is double that usually administered in a short interval (2-6 mL/kg in approximately 5 min; see review in Ref. 6 ), a continuous infusion of 3% NaCl was applied over 22 hrs (0.5 mL/hr). The authors themselves could not exclude that the aggravation of infarct volume was related to the steep initial osmogradient or the long-lasting continuous infusion following the initial bolus, which generated a considerable sodium load. As expected, animals after 22 hrs had a serum osmolality of 338 mOsm/L and a serum sodium of 154 mEq/L (19) .
Therefore, the purpose of that study and the model were quite different from those chosen for the current study. The infusion of hypertonic fluid after temporary major coronary artery occlusion model implies reperfusion of a developing infarct core which, without treatment, is sealed off by swollen glial end-feet. It cannot be excluded that mediators of secondary tissue damage are released or activated and negatively affect the penumbra. A recent study, in fact, has unveiled remarkably different ultrastructural changes of neuronal mitochondria after transient and permanent cerebral ischemia (40) . It was seen that damage occurs more acutely and to a greater extent during reperfusion in comparison to ischemic conditions alone. HHT improves reperfusion and, therefore, might have aggravated damage in the temporary major coronary artery occlusion study (19) . As a conclusion of their study, the authors indeed speculated that hypertonic saline "may have therapeutic efficacy if used in a setting of permanent focal ischemia without reflow, if initiated at a later time than immediately after occlusion, or if given as a single large bolus during early reperfusion rather than as a continuous infusion." All these conditions are met in the current approach. The 2VO model is a model of permanent focal cortical ischemia. Treatment was given as a single bolus and initiated 30 mins after vein occlusion.
The occlusion of two adjacent bridging veins goes along with a rather widespread 50% reduction of cortical blood flow within the area at risk (24) . This flow reduction is more homogeneous than after arterial occlusion since outflow is occluded. Initially, some locations show even hyperperfusion indicative of reverse flow through collateral venous outflow pathways. After 30 -90 mins, flow usually equilibrates and in many aspects resembles the penumbra zone found around arterial infarct cores (24) . Hence, in that setting, the hypertonic bolus will primarily affect tissue at risk in a low perfusion zone. The osmotic gradient will possibly open up collateral pathways which, once open, can contribute to maintain viability in the area at risk. The laser Doppler data indeed demonstrate not only an immediate effect of HHES on rCBF but also a reduction of low-flow/no-flow areas ( Fig.  3 ) and significantly better perfusion during the observation time long after termination of the infusion (Fig. 2) . The data, therefore, are in favor of a therapeutic efficacy of HHT in focal cerebral ischemia and suggest that even after arterial ischemia, area at risk may benefit from that regimen.
CONCLUSION
Our results suggest that the most important mechanism of HHT in focal venous ischemia is linked to the improvement of the microcirculation, which goes along with neuroprotection. These results perfectly agree with findings in global ischemia. Since the infusion regimen (dosage, time course) is important for achieving neuroprotective effects, additional experiments using focal permanent arterial ischemia models are recommended. 
